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Edwards DG, Mastin CR, Kenefick RW. Wave reflection and
central aortic pressure are increased in response to static and
dynamic muscle contraction at comparable workloads. J Appl
Physiol 104: 439–445, 2008. First published December 13, 2007;
doi:10.1152/japplphysiol.00541.2007.—We determined the effects
of static and dynamic muscle contraction at equivalent workloads on
central aortic pressure and wave reflection. At random, 14 healthy
men and women (23 � 5 yr of age) performed a static handgrip
forearm contraction [90 s at 30% of maximal voluntary contraction
(MVC)], dynamic handgrip contractions (1 contraction/s for 180 s at
30% MVC), and a control trial. During static and dynamic trials,
tension-time index was controlled by holding peak tension constant.
Measurements of brachial artery blood pressure and the synthesis of a
central aortic pressure waveform (by radial artery applanation tonom-
etry and generalized transfer function) were conducted at baseline,
during each trial, and during 1 min of postexercise ischemia (PEI).
Aortic augmentation index (AI), an index of wave reflection, was
calculated from the aortic pressure waveform. AI increased during
both static and dynamic trials (static, 5.2 � 3.1 to 11.8 � 3.4%;
dynamic, 5.8 � 3.0 to 13.3 � 3.4%; P � 0.05) and further increased
during PEI (static, 18.5 � 3.1%; dynamic, 18.6 � 2.9%; P � 0.05).
Peripheral and central systolic and diastolic pressures increased (P �
0.05) during both static and dynamic trials and remained elevated
during PEI. AI and pressure responses did not differ between static
and dynamic trials. Peripheral and central pressures increased simi-
larly during static and dynamic contraction; however, the rise in
central systolic pressure during both conditions was augmented by
increased wave reflection. The present data suggest that wave reflec-
tion is an important determinant of the central blood pressure response
during forearm muscle contractions.

tension-time index; exercise pressor reflex; blood pressure

THE PRESSOR RESPONSE to exercise had been thought to be
greater as a result of static muscle contraction compared
with dynamic muscle contraction; however, initial studies
were not performed on the same muscle groups or at
equivalent workloads (4, 42). When static and dynamic
muscle contractions are performed at equivalent workloads
by controlling for the tension-time index [TTI; a measure of
muscular force produced over time (2, 35)] by equating peak
tension and altering duration, the pressor response has been
shown to be the same during static and dynamic contractions
(11, 35). Further, measurement of blood pressure during
postexercise ischemia (PEI) indicated no difference in
metaboreceptor activation of the pressor reflex between
conditions (35). Thus it appears that the pressor response to

static and dynamic muscle contraction is similar when
muscle mass, peak tension, and TTI are held constant.
However, to date, studies of the exercise pressor reflex have
not assessed central blood pressure, which may provide
important information as peripheral systolic blood pressure
is not always a reliable estimate of myocardial afterload
(23). Systolic and pulse pressures are lower in the aorta than
in the arms and legs where they are amplified to varying
degrees depending on elasticity and distance to reflection
sites (23, 24). Rowell et al. (28) demonstrated that during
maximal exercise, central systolic pressure can vary up to 80
mmHg from peripheral systolic pressure. This disparity had
been largely ignored until two recent studies confirmed the finding
that peripheral systolic pressure overestimates the actual pressure
load of the heart during lower body cycling exercise (32, 33).

Central pressure is the pressure that the left ventricle must
overcome, thus determining left ventricular workload (24,
38). Central systolic and pulse pressures are clinically im-
portant as they have been shown to be markers of disease (6,
26, 37) and predictors of cardiovascular outcomes (27, 30,
41). The central aortic systolic and pulse pressures are
determined by the interaction of a forward-traveling wave as
a result of left ventricular ejection and the arrival of a
reflected wave from the lower body (23). The forward-
traveling wave is dependent on the elastic properties of the
aorta, whereas the reflected wave, the sum of reflected
waves from the periphery, is dependent on the elastic
properties of the entire arterial tree, pulse wave velocity
(PWV), round trip travel time from the heart to the periph-
ery and back, and the distance to the major reflecting sites
(24). Acutely, vasoconstriction can increase arterial stiff-
ness and PWV by increasing mean arterial pressure and by
increasing smooth muscle tone in muscular arteries (23).
Recently, metaboreceptor activation has been shown to
increase stiffness in nonexercising limbs (13). Thus vaso-
constriction elicited by the exercise pressor reflex may
influence the timing and amplitude of wave reflection. An
increase or decrease in the speed and amplitude of reflected
waves from the lower body are much more pronounced in
the central aorta (23). This is in contrast to measures taken
at peripheral sites, such as the brachial or radial arteries,
where changes in peripheral systolic or pulse pressure as a
result of lower body wave reflection are typically not ob-
served. Therefore, the pressor response to muscle contrac-
tion may include alterations in wave reflection and have
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dramatic effects on the central pressure wave that cannot be
appreciated with peripheral measures of blood pressure.

The purpose of this study was to determine the effects of
static and dynamic muscle contraction performed with the
same muscle group, at the same peak tension, and at the same
TTI on central pressure and wave reflection at the end of
muscle contraction and during 1 min of PEI (to assess metabo-
receptor activation of the pressor reflex). We hypothesized that
1) muscle contraction would result in an early return of
reflected pressure waves from the lower body and an augmen-
tation of central aortic systolic pressure; and 2) the central
pressure and wave reflection responses to static and dynamic
muscle contraction and to PEI would not differ when contrac-
tions were performed with the same muscle group, at the same
peak tension, and at the same TTI. Although we hypothesized
similar responses to static and dynamic muscle contraction and
to PEI on the basis of previous studies of peripheral pressure
(11, 35), we included both conditions to ensure we did not miss
an unexpected finding.

METHODS

Subjects. Fourteen apparently healthy men and women, assessed by
medical history questionnaire, participated in this study (9 male, 5
female; age 23 � 5 yr; mass 76 � 14 kg; height 174 � 9 cm). Subjects
were nonsmokers and were asked to refrain from caffeine, alcohol,
and exercise for at least 24 h before testing and reported to the lab at
least 4 h postprandial. All procedures were reviewed and approved by
the Institutional Review Board, and all subjects gave written informed
consent. All experiments were carried out in accordance with state and
federal guidelines.

Experimental protocol. After a seated resting period of 10 min,
subject’s brachial blood pressure was taken in duplicate with an
automated blood pressure cuff by oscillometric sphygmomanometry
(Omron HEM907, Omron Medical). A radial artery waveform was
recorded by placing a high-fidelity strain-gauge transducer over the
radial artery of the nondominant arm (Millar Instruments, Houston,
TX). Subjects then performed two 1- to 2-s maximal forearm con-
tractions with a handgrip dynamometer (Lafayette Instrument,
Lafayette, IN), in their dominant arm, to determine their maximal
voluntary contraction (MVC). Testing involved three trials: static,
dynamic, and control trials. The static and dynamic trials were
matched for TTI (integration of tension over time) by altering trial
duration so that 90 s of static handgrip contraction at 30% of MVC
and 180 s of dynamic handgrip contraction at 30% of MVC performed
at 1 Hz were performed. The control trial consisted of 90 s of seated
rest and was performed first, followed by the static and dynamic trials
in random order. Subjects rested for 20 min following MVC and
between each trial to allow heart rate and blood pressure to return to
baseline levels. Before (baseline) and during the last 15 s of each trial
(end), brachial blood pressure and a radial pressure wave were
recorded in the noncontracting arm. A blood pressure cuff was then
inflated to 225 mmHg around the distal portion of the upper arm of the
contracting side during the last 5 s of muscle contraction. This
occlusion was maintained for 1 min postexercise to assess metabore-
ceptor-induced activation of the exercise pressor reflex. Brachial
blood pressure and a radial pressure wave were recorded again during
PEI before cuff deflation. Heart rate was monitored throughout by
three-lead ECG.

Pulse wave analysis. Applanation tonometry was used to record a
radial arterial waveform by placing a high-fidelity strain-gauge trans-
ducer over the radial artery (Millar Instruments). Applanation tonom-
etry has previously been shown to record a pressure wave that does
not differ from waveforms obtained from intra-arterial measurements
(19). The radial waveform was calibrated from the brachial sphymo-

manometric measurement of systolic and diastolic pressures because
pulse pressure amplification is negligible between these sites (24). A
central aortic pressure wave was synthesized from the measured radial
artery pressure waveform with the SphygmoCor Px system (AtCor
Medical, Sydney, Australia), which uses a transfer function and is
Food and Drug Administration approved. The use of a transfer
function to approximate the central pressure wave from the radial
wave has been validated using both intra-arterially (10, 18, 25) and
noninvasively (16) obtained radial pressure waves. The SphygmoCor
transfer function has recently been validated for use during exercise
(32). Central systolic and pulse pressures derived with this system
have shown good agreement with estimates using carotid recordings
(1). We chose to record radial waves instead of carotid because they
are easier to obtain particularly during exercise. Central pressures and
augmentation index (AI) were obtained from the synthesized wave
(see Fig. 1). AI is an index of wave reflection and a manifestation of
overall systemic arterial stiffness. AI is defined as the ratio of reflected
wave amplitude and pulse pressure, or AI � (Ps � Pi)/(Ps � Pd),
where Ps is peak systolic pressure, Pd is end-diastolic pressure, and Pi
is an inflection point marking the beginning upstroke of the reflected
pressure wave. Because AI is influenced by heart rate (40), AI was
also normalized to a heart rate of 75 beats/min (AI-75). The travel
time (TR) of the forward wave from the heart to the major reflecting
site and back was measured from Pd to Pi. Additional calculations
derived from the synthesized aortic pressure wave were the systolic
pressure-time index (STI), diastolic pressure-time index (DTI), and
subendocardial viability ratio (SEVR). The STI, or area under the
systolic portion of the curve, has been shown to be related to systolic
load or the work of the heart and oxygen consumption, and DTI, or
area under the diastolic portion of the curve, is associated with
coronary perfusion (8). The SEVR is the ratio of DTI to STI expressed
as a percentage and is an index of subendocardial perfusion (8).
Representative radial and central aortic pressure waveforms during
control, static, and dynamic trials are presented in Fig. 2.

Statistics. A three � three (condition � time) ANOVA with
repeated measures was used to compare differences among the trials.
A Newman-Keuls post hoc analysis was used to determine differences
within and between conditions. An �-level of P � 0.05 level was
required for significance, and all data are presented as means � SE.

RESULTS

All subjects completed each experimental trial. There were
no differences in baseline measurements between conditions.

Fig. 1. Variables obtained from the aortic pressure waveform. Ps is peak
systolic pressure, Pi is an inflection point that indicates the beginning upstroke
of the reflected pressure wave, and Pd is minimum diastolic pressure. AugP is
augmented pressure due to wave reflection. TR is the time delay of the reflected
wave or round trip travel time of the forward wave to the major reflecting site
and back. Systolic time index (STI) is the area under the curve during systole,
and diastolic time index (DTI) is the area under the curve during diastole.
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Heart rate was elevated (P � 0.05) at the end of both static and
dynamic contractions and returned to baseline during PEI
(Table 1). At the end of both static and dynamic contractions,
peripheral diastolic and systolic pressures did not differ but
were increased (P � 0.05) compared with baseline and the
control condition (Fig. 3A). During PEI, peripheral diastolic
and systolic pressures remained elevated (P � 0.05) for both
the static and dynamic conditions (Fig. 3A). Central aortic
pressures followed a similar pattern. At the end of contraction,
central diastolic and systolic pressures increased (P � 0.05) at

the end of the static and dynamic contractions compared with
baseline, and the control condition but did not differ between
contraction types (Fig. 3B). During PEI central aortic diastolic
and systolic pressures remained elevated (P � 0.05) for both
the static and dynamic contractions (Fig. 3B). The magnitude
of change in central and peripheral systolic pressure did not
differ (Fig. 3C). However, there was a greater change in
peripheral systolic pressure compared with nonaugmented cen-
tral systolic pressure (Fig. 3C). Nonaugmented central systolic
pressure was calculated as central systolic pressure minus the
pressure due to the contribution of the reflected wave or the
augmented pressure.

AI increased (P � 0.05) at the end of both the static and
dynamic contractions, but did not differ from each other (Table
1). This response was also significantly different compared
with the control condition (Table 1). During PEI, AI continued
to increase (P � 0.05) in both the static and dynamic condi-
tions (Table 1). AI corrected for a heart rate of 75 beats/min
increased (P � 0.05) during both static and dynamic conditions
but did not increase further during PEI (Table 1). STI increased
(P � 0.05) at the end of both the static and dynamic contrac-
tions, but did not differ from each other (Fig. 4A). This
response was also significantly different compared with the
control condition (Fig. 4A). STI remained elevated during PEI
in the static and dynamic conditions but was lower than
end-contraction measures (Fig. 4A). DTI increased (P � 0.05)
at the end of both the static and dynamic contractions, but did
not differ from each other (Fig. 4B). DTI remained elevated
during PEI in the static and dynamic conditions (Fig. 4B). As
a result SEVR decreased (P � 0.05) at the end of both the
static and dynamic contractions, but did not differ from each
other (Fig. 4C). SEVR returned to baseline levels during PEI in
the static and dynamic conditions (Fig. 4C).

DISCUSSION

The purpose of this study was to determine the effects of
static and dynamic muscle contraction performed with the
same muscle group, at the same peak tension, and at the same
TTI on central pressure and wave reflection. The primary
findings of this study were 1) peripheral and central pressures
were increased similarly in response to static and dynamic
muscle contraction and to PEI; 2) the rise in central systolic
pressure during both static and dynamic muscle contraction
was augmented by increased wave reflection (as assessed by
AI); and 3) the central pressure and wave reflection response was
similar when using the same muscle group, matching peak ten-
sion, and holding TTI constant between static and dynamic trials.

Fig. 2. Representative radial (A) and central aortic (B) pressure waveforms
during control, static, and dynamic trials.

Table 1. Effect of muscle contraction on selected variables

Control Static Dynamic

Baseline End PEI Baseline End PEI Baseline End PEI

Heart rate, beats/min 65�2 64�2 65�2 66�3 72�2* 63�2 65�2 75�2* 63�2
AI, % 5.8�3.3 7.0�3.1 9.5�2.5 5.2�3.1 11.8�3.4* 18.5�3.1*† 5.8�3.0 13.3�3.4* 18.6�2.9*†
AI-75, % 0.9�3.2 3.0�3.0 4.6�2.9 1.0�3.2 10.0�3.0* 12.4�2.9* 0.9�3.2 13.3�3.0* 12.8�2.9*
TR, ms 160�3.9 162�3.5 157�3.9 155�3.9 151�3.6 151�3.9 158�3.9 147�3.5* 147�3.9*
Pulse pressure amplification 1.56�0.04 1.54�0.04 1.54�0.04 1.59�0.04 1.53�0.04* 1.43�0.04*† 1.58�0.04 1.50�0.04* 1.42�0.04*†

Values are mean � SE. Baseline, before trial; end, during last 15 s of trial; PEI, postexercise ischemia; AI, augmentation index; AI-75, augmentation index
normalized for heart rate of 75 beats/min; TR, time delay of reflected wave. *P � 0.05 vs. baseline; †P � 0.05 vs. end.
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Our finding that the peripheral blood pressure response to
static and dynamic exercise is equivalent when performed with
the same muscle group, at the same peak tension, and at the
same TTI is consistent with previous findings in cats and
humans (11, 35). We have also demonstrated that increases in
wave reflection, as assessed by AI, and central blood pressure
do not differ during static and dynamic muscle contraction
when performed with the same muscle group, at the same peak
tension, and at the same TTI.

The novel finding of our study is that wave reflection
significantly augments central systolic blood pressure during
forearm static and dynamic muscle contraction. We did not
observe differences in the magnitude of change between cen-
tral and brachial systolic pressure. We did, however, observe a
greater change in peripheral systolic pressure compared with
nonaugmented central systolic pressure, indicating that wave

Fig. 3. Peripheral systolic (SP) and diastolic pressure (DP) (A) and central SP
and DP (B) at baseline, end of each trial, and during postexercise ischemia
(PEI) for the control, static, and dynamic trials. Change in peripheral systolic
pressure (PSP), central systolic pressure (CSP), and nonaugmented CSP at end
contraction (C). Values are means � SE. *P � 0.05, dynamic and static vs.
baseline. †P � 0.05, dynamic and static vs. control. ‡P � 0.05 vs. change in
PSP and CSP.

Fig. 4. Systolic time index (A), diastolic time index (B), and subendocardial
viability ratio (C) at baseline, end of each trial, and during PEI for the control,
static, and dynamic trials. Values are means � SE. *P � 0.05, dynamic and
static vs. baseline. ‡P � 0.05, static and dynamic vs. end. †P � 0.05, dynamic
and static vs. control.
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reflection is an important determinant of the central blood
pressure response to static and dynamic muscle contraction of
the forearm.

AI significantly increased during both static and dynamic
trials and continued to rise during PEI. Sympathetic activation
during muscle contraction could influence wave reflection by
increasing PWV through increased mean arterial pressure and
vasoconstriction of muscular arteries (23). At higher levels of
pressure, wall stress is supported by stiffer collagen fibers as
opposed to more compliant elastin fibers at lower pressures
(24). Further, sympathetic activation has been shown to reduce
compliance in muscular arteries (7), and metaboreceptor acti-
vation has been shown to increase stiffness in nonexercising
limbs (13). We observed an increase in AI during muscle
contraction despite a rise in heart rate, which is inversely
related to AI because of a shorter ejection duration (39),
suggesting a very robust effect of forearm contraction on
wave reflection. The continued rise in AI during PEI can be
explained by a drop in heart rate following cessation of
muscle contraction in the presence of continued metabore-
ceptor-mediated sympathetic activation since AI corrected
for a heart rate of 75 beats/min did not change from end
contraction to PEI.

A limitation of the present study is that we did not measure
PWV; however, TR, the time delay of the reflected wave, is
often used as an estimate of aortic PWV. TR was reduced
during dynamic contraction but not static contraction despite a
similar increase in wave reflection. It has been demonstrated
that AI can change independently of aortic PWV in response to
vasoactive drugs (20). Although it is likely that aortic PWV
increased similarly during static and dynamic contractions
because of similar mean arterial pressure responses, our results
suggest the possibility that while the magnitude of wave
reflection (AI) may not differ between static and dynamic
contraction, the timing of the wave reflection may differ.

Our findings are contrary to the greater increase in peripheral
systolic pressure that has been found to occur during lower
body cycling and treadmill exercise (28, 33). Sharman et al.
(33) demonstrated that upright cycling is associated with a
greater increase in peripheral systolic pressure than central
systolic pressure due to a progressive decline in AI as exercise
intensity increases. The disparate findings can be explained by
changes in heart rate and lower body vasodilation in the
exercising muscle. AI is inversely related to heart rate (36, 39),
which is independent of changes in arterial stiffness (40). Thus
the greater increase in heart rate during cycling would be
expected to result in a decrease in wave reflection. Vasodila-
tion of the large muscles of the lower body during cycling
likely reduce wave reflection (33), whereas we found an
increase in wave reflection during forearm contraction when
the nonexercising lower body skeletal muscle is likely vaso-
constricted (14, 15, 29). Upright cycling also results in an
increased in pulse pressure amplification (ratio of peripheral
pulse pressure:central pulse pressure) from the central aorta to
the periphery (33). We found a small but statistically signifi-
cant reduction in pulse pressure amplification during both
dynamic and static forearm muscle contraction. Taken together
this suggests that an equivalent peripheral blood pressure
response to forearm and lower body exercise may result in very
different central aortic pressures due to differential changes in
wave reflection and pulse pressure amplification. It is unclear,

however, how central blood pressure would respond to lower
body static and dynamic muscle contraction as performed in
the present study.

We also examined systolic and diastolic time indexes (STI
and DTI) to evaluate the SEVR. STI has been shown to be
related to systolic load or the work of the heart and oxygen
consumption, and DTI is associated with coronary perfusion
(8). The SEVR is the ratio of DTI to STI expressed as a
percentage and is an index of subendocardial perfusion (8). STI
and DTI both increased during static and dynamic trials;
however, the increase in STI was greater, resulting in a de-
crease in SEVR. Central pressure is a key determinant of left
ventricular workload (24, 38) and a predictor of cardiovascular
outcomes (27, 30, 41). While the subjects in our study were not
at risk for myocardial ischemia, an increase in central systolic
pressure and a decrease SEVR during forearm muscle contrac-
tions could contribute to myocardial ischemia in patient pop-
ulations. However, this may be less likely during muscle
contractions that elicit increases in DTI as in the present study
compared with lower body cycling exercise that results in a
drop in DTI with an increase in STI (33).

Previous studies attempting to compare the pressor response
to dynamic and static contraction have used dynamic condi-
tions with a lower TTI (12, 21) or equated conditions on whole
body oxygen uptake (3, 5), which likely also results in a lower
intensity in the dynamic condition due to higher muscle blood
flows (35). We used the same handgrip protocol described by
Stebbins et al. (35), who demonstrated that peripheral diastolic,
systolic and mean pressures were similar in response to static
and dynamic contraction performed at 30% MVC and at the
same TTI. Rating of perceived exertion in this study was
similar between contraction types, indicating a similar activa-
tion of central command (35). The blood flow response to
dynamic contraction at 30% MVC has been shown to be
greater than static contraction at the same intensity and TTI
(35), which would be expected to reduce the pressor response
by washing out metabolites. To assess the effect of stimulation
of the metaboreceptors, we performed 1 min of PEI following
each condition. We observed similar peripheral and central
pressure responses to PEI, suggesting that accumulation of
metabolites that stimulate the exercise pressor response were
similar between static and dynamic contraction. Our findings
are consistent with previous work equating peak tension and
TTI during static and dynamic muscle contraction (35). This
may be explained by evidence from both human and animal
studies suggesting that dynamic contraction results in greater
production of muscle metabolites as a result of greater energy
of activation due to repeated contractions (9, 17, 34). It has
been proposed that any increase in metabolites during dynamic
contraction is offset by their removal by the associated increase
in blood flow (35). Our PEI results are consistent with this
notion.

We did not include a condition that equated dynamic and
static contractions by altering tension instead of time. Previ-
ously, Stebbins et al. (35) did not find similar pressor responses
between static and dynamic forearm contractions when TTI
was matched by equating time and altering tension as opposed
to equating tension and altering time. Increasing tension pro-
duced during dynamic contractions (60% MVC for 90 s; 1/s)
resulted in a greater peripheral blood pressure response com-
pared with static contraction performed at a lower tension
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(30% MVC for 90 s). The authors speculate that this is the
result of increased dynamic contraction induced production
and/or accumulation of metabolites and a greater activation of
mechanoreceptors at a higher tension (35).

Although the transfer function used in the present study has
previously been validated during exercise compared with in-
vasively determined central pressures (32), our estimates of
central pressure may be influenced by any error in the assess-
ment of peripheral pressure at the brachial artery using oscil-
lometric sphygmomanography. The protocol utilized in the
present study was of a relatively short duration, and therefore
our results may not hold true for progressive static and/or
dynamic exercise. The amount of forearm muscle mass in-
volved during handgrip exercise is relatively small and should
also be considered when interpreting our results, as the pressor
response to static muscle contraction is dependent on muscle
mass (22, 31). For example, static contraction of the knee
extensors at 30% MVC results in a higher MAP compared with
static handgrip contraction also at 30% MVC (31). Therefore,
we can speculate that a greater increase in mean arterial
pressure during static contraction of a larger muscle mass
would be expected to be associated with a greater increase in
arterial stiffness and wave reflection. Additionally, reducing
the amount of muscle mass during dynamic contractions has
been demonstrated to result in hemodynamic changes compa-
rable to static contractions (5). Thus our results may be appli-
cable to activities of daily living that involve short durations
and small muscle mass but not to regular endurance exercise
involving large muscle groups that has known cardiovascular
benefit. Whether static and dynamic contractions, like those
performed in the present study, of larger muscle groups would
elicit similar increases in central pressure and wave reflection
is unknown.

Summary. We have demonstrated that static and dynamic
forearm contraction results in an increase in wave reflection
and augmentation of central systolic pressure. This is likely
attributable to an increase in arterial stiffness as a result of
increased mean arterial pressure and vasoconstriction of
muscular arteries speeding the wave travel. Our findings are
contrary to what has been found during lower body cycling,
which is accompanied by a decrease in wave reflection (33).
Thus an equivalent peripheral blood pressure response to
forearm and lower body exercise may result in very different
central aortic pressures due to differential changes in wave
reflection, and this should be considered when comparing
peripheral blood pressure responses. The present study pro-
vides new insight into the blood pressure responses to upper
body static and dynamic contraction of a small muscle in
healthy young subjects. Future research should be aimed at
examining the effect of static and dynamic muscle contrac-
tion in other muscle groups (for example, lower body static
contraction) on wave reflection and central pressure, in
addition to studying the effects in aging and/or coronary
artery disease populations to determine clinical significance.

DISCLOSURES

The views, opinions, and/or findings in this report are those of the authors
and should not be construed as official U.S. Department of the Army position,
policy, or decision unless so designated by other official designation.

REFERENCES

1. Adji A, O’Rourke MF. Determination of central aortic systolic and pulse
pressure from the radial artery pressure waveform. Blood Press Monit 9:
115–121, 2004.

2. Alam M, Smirk FH. Observations in man upon a blood pressure raising
reflex arising from the voluntary muscles. J Physiol 89: 372–383, 1937.

3. Asmussen E. Similarities and dissimilarities between static and dynamic
exercise. Circ Res 48: I3–10, 1981.

4. Bezucha GR, Lenser MC, Hanson PG, Nagle FJ. Comparison of
hemodynamic responses to static and dynamic exercise. J Appl Physiol 53:
1589–1593, 1982.

5. Blomqvist CG, Lewis SF, Taylor WF, Graham RM. Similarity of the
hemodynamic responses to static and dynamic exercise of small muscle
groups. Circ Res 48: I87–92, 1981.

6. Boutouyrie P, Bussy C, Lacolley P, Girerd X, Laloux B, Laurent S.
Association between local pulse pressure, mean blood pressure, and
large-artery remodeling. Circulation 100: 1387–1393, 1999.

7. Boutouyrie P, Lacolley P, Girerd X, Beck L, Safar M, Laurent S.
Sympathetic activation decreases medium-sized arterial compliance in
humans. Am J Physiol Heart Circ Physiol 267: H1368–H1376, 1994.

8. Buckberg GD, Fixler DE, Archie JP, Hoffman JI. Experimental sub-
endocardial ischemia in dogs with normal coronary arteries. Circ Res 30:
67–81, 1972.

9. Chasiotis D, Bergstrom M, Hultman E. ATP utilization and force during
intermittent and continuous muscle contractions. J Appl Physiol 63:
167–174, 1987.

10. Chen CH, Nevo E, Fetics B, Pak PH, Yin FC, Maughan WL, Kass DA.
Estimation of central aortic pressure waveform by mathematical transfor-
mation of radial tonometry pressure. Validation of generalized transfer
function. Circulation 95: 1827–1836, 1997.

11. Daniels JW, Stebbins CL, Longhurst JC. Hemodynamic responses to
static and dynamic muscle contractions at equivalent workloads. Am J
Physiol Regul Integr Comp Physiol 279: R1849–R1855, 2000.

12. Danoff PL, Danoff JV. Energy cost and heart rate response to static and
dynamic leg exercise. Arch Phys Med Rehabil 63: 130–134, 1982.

13. Davies TS, Frenneaux MP, Campbell RI, White MJ. Human arterial
responses to isometric exercise: the role of the muscle metaboreflex. Clin
Sci (Lond) 112: 441–447, 2007.

14. Duprez DA, Essandoh LK, Vanhoutte PM, Shepherd JT. Vascular
responses in forearm and calf to contralateral static exercises. J Appl
Physiol 66: 669–674, 1989.

15. Eklund B, Kaijser L, Knutsson E. Blood flow in resting (contralateral)
arm and leg during isometric contraction. J Physiol 240: 111–124, 1974.

16. Gallagher D, Adji A, O’Rourke MF. Validation of the transfer function
technique for generating central from peripheral upper limb pressure
waveform. Am J Hypertens 17: 1059–1067, 2004.

17. Hogan MC, Ingham E, Kurdak SS. Contraction duration affects meta-
bolic energy cost and fatigue in skeletal muscle. Am J Physiol Endocrinol
Metab 274: E397–E402, 1998.

18. Karamanoglu M, O’Rourke MF, Avolio AP, Kelly RP. An analysis of
the relationship between central aortic and peripheral upper limb pressure
waves in man. Eur Heart J 14: 160–167, 1993.

19. Kelly R, Hayward C, Avolio A, O’Rourke M. Noninvasive determina-
tion of age-related changes in the human arterial pulse. Circulation 80:
1652–1659, 1989.

20. Kelly RP, Millasseau SC, Ritter JM, Chowienczyk PJ. Vasoactive
drugs influence aortic augmentation index independently of pulse-wave
velocity in healthy men. Hypertension 37: 1429–1433, 2001.

21. Lewis SF, Snell PG, Taylor WF, Hamra M, Graham RM, Pettinger
WA, Blomqvist CG. Role of muscle mass and mode of contraction in
circulatory responses to exercise. J Appl Physiol 58: 146–151, 1985.

22. Mitchell JH, Payne FC, Saltin B, Schibye B. The role of muscle mass in
the cardiovascular response to static contractions. J Physiol 309: 45–54,
1980.

23. Nichols WW. Clinical measurement of arterial stiffness obtained from
noninvasive pressure waveforms. Am J Hypertens 18: 3S-10S, 2005.

24. Nichols WW, O’Rourke MF. McDonald’s Blood Flow in Arteries. New
York: Oxford Univ. Press, 2005.

25. Pauca AL, O’Rourke MF, Kon ND. Prospective evaluation of a method
for estimating ascending aortic pressure from the radial artery pressure
waveform. Hypertension 38: 932–937, 2001.

26. Philippe F, Chemaly E, Blacher J, Mourad JJ, Dibie A, Larrazet F,
Laborde F, Safar ME. Aortic pulse pressure and extent of coronary artery

444 WAVE REFLECTION DURING MUSCLE CONTRACTION

J Appl Physiol • VOL 104 • FEBRUARY 2008 • www.jap.org

 on N
ovem

ber 12, 2008 
jap.physiology.org

D
ow

nloaded from
 

http://jap.physiology.org


disease in percutaneous transluminal coronary angioplasty candidates.
Am J Hypertens 15: 672–677, 2002.

27. Roman MJ, Devereux RB, Kizer JR, Lee ET, Galloway JM, Ali T,
Umans JG, Howard BV. Central pressure more strongly relates to
vascular disease and outcome than does brachial pressure: the Strong
Heart Study. Hypertension 50: 197–203, 2007.

28. Rowell LB, Brengelmann GL, Blackmon JR, Bruce RA, Murray JA. Dis-
parities between aortic and peripheral pulse pressures induced by upright exercise
and vasomotor changes in man. Circulation 37: 954–964, 1968.

29. Rusch NJ, Shepherd JT, Webb RC, Vanhoutte PM. Different behavior
of the resistance vessels of the human calf and forearm during contralateral
isometric exercise, mental stress, and abnormal respiratory movements.
Circ Res 48: I118–I130, 1981.

30. Safar ME, Blacher J, Pannier B, Guerin AP, Marchais SJ,
Guyonvarc’h PM, London GM. Central pulse pressure and mortality in
end-stage renal disease. Hypertension 39: 735–738, 2002.

31. Seals DR, Washburn RA, Hanson PG, Painter PL, Nagle FJ. Increased
cardiovascular response to static contraction of larger muscle groups.
J Appl Physiol 54: 434–437, 1983.

32. Sharman JE, Lim R, Qasem AM, Coombes JS, Burgess MI, Franco J,
Garrahy P, Wilkinson IB, Marwick TH. Validation of a generalized
transfer function to noninvasively derive central blood pressure during
exercise. Hypertension 47: 1203–1208, 2006.

33. Sharman JE, McEniery CM, Campbell RI, Coombes JS, Wilkinson
IB, Cockcroft JR. The effect of exercise on large artery haemodynamics
in healthy young men. Eur J Clin Invest 35: 738–744, 2005.

34. Spriet LL, Soderlund K, Hultman E. Energy cost and metabolic regu-
lation during intermittent and continuous tetanic contractions in human
skeletal muscle. Can J Physiol Pharmacol 66: 134–139, 1988.

35. Stebbins CL, Walser B, Jafarzadeh M. Cardiovascular responses to
static and dynamic contraction during comparable workloads in hu-
mans. Am J Physiol Regul Integr Comp Physiol 283: R568 –R575,
2002.

36. Stefanadis C, Dernellis J, Vavuranakis M, Tsiamis E, Vlachopoulos C,
Toutouzas K, Diamandopoulos L, Pitsavos C, Toutouzas P. Effects of
ventricular pacing-induced tachycardia on aortic mechanics in man. Car-
diovasc Res 39: 506–514, 1998.

37. Waddell TK, Dart AM, Medley TL, Cameron JD, Kingwell BA.
Carotid pressure is a better predictor of coronary artery disease severity
than brachial pressure. Hypertension 38: 927–931, 2001.

38. Westerhof N, O’Rourke MF. Haemodynamic basis for the development
of left ventricular failure in systolic hypertension and for its logical
therapy. J Hypertens 13: 943–952, 1995.

39. Wilkinson IB, MacCallum H, Flint L, Cockcroft JR, Newby DE,
Webb DJ. The influence of heart rate on augmentation index and central
arterial pressure in humans. J Physiol 525: 263–270, 2000.

40. Wilkinson IB, Mohammad NH, Tyrrell S, Hall IR, Webb DJ, Paul VE,
Levy T, Cockcroft JR. Heart rate dependency of pulse pressure ampli-
fication and arterial stiffness. Am J Hypertens 15: 24–30, 2002.

41. Williams B, Lacy PS, Thom SM, Cruickshank K, Stanton A, Collier
D, Hughes AD, Thurston H, O’Rourke M. Differential impact of blood
pressure-lowering drugs on central aortic pressure and clinical outcomes:
principal results of the Conduit Artery Function Evaluation (CAFE) study.
Circulation 113: 1213–1225, 2006.

42. Wright RL, Swain DP, Branch JD. Blood pressure responses to acute
static and dynamic exercise in three racial groups. Med Sci Sports Exerc
31: 1793–1798, 1999.

445WAVE REFLECTION DURING MUSCLE CONTRACTION

J Appl Physiol • VOL 104 • FEBRUARY 2008 • www.jap.org

 on N
ovem

ber 12, 2008 
jap.physiology.org

D
ow

nloaded from
 

http://jap.physiology.org



